Normal human prostatic (NHP) epithelial cells undergo senescence in vitro and in vivo, but little is known about the tissue-specific molecular mechanisms. Here we first characterize young primary NHP cells as CK5 þ /CK18 þ intermediate basal cells that also express several other putative stem/progenitor cell markers including p63, CD44, a2b1, and hTERT. When cultured in serum-and androgen-free medium, NHP cells gradually lose the expression of these markers, slow down in proliferation, and enter senescence. Several pieces of evidence implicate 15-lipoxygenase 2 (15-LOX2), a molecule with a restricted tissue expression and most abundantly expressed in adult human prostate, in the replicative senescence of NHP cells. First, the 15-LOX2 promoter activity and the mRNA and protein levels of 15-LOX2 and its multiple splice variants are upregulated in serially passaged NHP cells, which precede replicative senescence and occur in a cell-autonomous manner. Second, all immortalized prostate epithelial cells and prostate cancer cells do not express 15-LOX2. Third, PCa cells stably transfected with 15-LOX2 or 15-LOX2sv-b, a splice variant that does not possess arachidonate-metabolizing activity, show a passage-related senescence-like phenotype. Fourth, infection of early-passage NHP cells with retroviral vectors encoding 15-LOX2 or 15-LOX2sv-b induces partial cellcycle arrest and big and flat senescence-like phenotype. Finally, 15-LOX2 protein expression in human prostate correlates with age. Together, these data suggest that 15-LOX2 may represent an endogenous prostate senescence gene and its tumor-suppressing functions might be associated with its ability to induce cell senescence.
Introduction
Human prostatic glands consist of two major epithelial cell types: basal and secretory (lumenal). Basal cells express cytokeratin (CK) 5 and 14, whereas lumenal cells, which represent differentiated cells, express CK8 and 18, androgen receptor (AR), prostate-specific antigen (PSA) prostatic acid phosphatase (PAP), CD57 (Liu et al., 1997) , and 15-LOX2 (Shappell et al., 1999; Tang et al., 2002) . Evidence exists that in human prostate the basal cell compartment may contain putative stem and progenitor cells. First, B80% of the proliferating cells are localized in the basal layer (Bonkhoff et al., 1994) . Second, the majority of proliferating cells in the early outgrowth of the prostate explants are of the basal cell nature (Robinson et al., 1998; Hudson et al., 2000; Tran et al., 2002; Garraway et al., 2003) . Third, some basal cells seem to have the ability to differentiate into lumenal cells (Robinson et al., 1998) . Finally, several molecules known to play an important role in maintaining the stem/progenitor cell self-renewal and differentiation, including Notch-1 (Shou et al., 2001 ) and p63 (Signoretti et al., 2000) , localize exclusively in the basal cell compartment in human prostate. Recently, multiple adult human organs have been shown to contain stem cells (SC) , that is, adult SC (Raff, 2003) . Adult human prostate SC, which have not been definitively identified, are thought to localize in the basal cell compartment (Kinbara et al., 1996; Hudson et al., 2000) and appear to preferentially express cell surface molecules CD44 (Liu et al., 1997) , a2b1 (Collins et al., 2001) , and CD133 (Richardson et al., 2004) . The existence of SC in adult human prostate is supported by the ability of a small population of cells to form glandular-like structures in reconstituted systems (Hudson et al., 2000; Collins et al., 2001; Richardson et al., 2004) . A small population of CK5 and CK18 double-positive (CK5 þ /CK18 þ ) cells, called intermediate basal cells, has also been proposed to be prostate stem/progenitor cells (van Leenders et al., 2000; Schalken and van Leenders, 2003) .
Adult human prostate is susceptible to two proliferative diseases: benign prostate hyperplasia (BPH), in which stromal cells are the major expanded cells, and prostate cancer (PCa), in which deregulated proliferation occurs mainly in the epithelial compartment. Among a multitude of environmental and genetic factors favoring PCa development, aging is the most significant risk factor: 15-30% of males >50 years and as many as 80% of the males >80 years harbor foci of PCa (Ruijter et al., 1999) . How aging contributes to PCa development remains an enigma. Cultured NHP cells undergo replicative senescence after a period of proliferation and the process seems to involve the activation of both p16/pRb and p53/p21 pathways (Jarrard et al., 1999; Sandhu et al., 2000; Schwarze et al., 2001; Untergasser et al., 2002) . Since replicative senescence is considered a barrier to immortalization and transformation (Hanahan and Weinberg, 2000; Wright and Shay, 2001; Schmitt et al., 2002) , it is not surprising that multiple molecules (e.g., Rb, p53, and p16) involved in regulating cell senescence have been implicated in PCa development. SA-bgal-positive, senescent NHP cells have been detected in enlarged BPH prostates (Choi et al., 2000; Castro et al., 2003) , but the roles of these cells in the etiology of BPH or PCa remain unclear.
Although molecules commonly involved in regulating replicative cell senescence have been implicated in NHP cell senescence, prostate-specific molecules that may play a specific role in NHP cell senescence have not been reported. Here we present evidence that 15-LOX2, which is most abundantly expressed in adult human prostate, is involved in NHP cell senescence.
Results

Characterization of NHP cells as CK5
þ /CK18 þ intermediate basal cells that also express several other stem/progenitor cell markers
We first characterized primary NHP cells derived from multiple donors including NHP2 from a 59-year-old donor, NHP4 from a 17-year-old donor, NHP6 from a 28-year-old donor, and NHP7 from a 14-year-old donor. We generally obtained these cells at passage 2 (P2). Immunofluorescent staining revealed that all these NHP cells at P2 were CK5 þ /CK18 þ and also expressed several other putative stem/progenitor cell markers including p63, hTERT, a2b1, and CD44 (not shown). None of the NHP cells at P2 expressed lumenal markers 15-LOX2, AR, PSA, PAP, or CD57 (not shown).
NHP cells lose the progenitor cell markers in culture Next, we followed changes in NHP cells, which had been constantly cultured and subcultured in serum-and androgen-free medium containing one survival factor (i.e., insulin) and one mitogen (i.e., EGF). NHP7 cells at P2 had undergone 19 population doublings (PDs) and 37% of the cells were proliferating upon a 4 h-BrdU pulse ( Figure 1A (Figure 1Bi ). At P3, NHP7 cells had undergone 22 PDs and proliferating cells dropped to 13% ( Figure 1A ). Accompanying the slowing down in cell proliferation were significantly increased cell sizes (Figures 1Ad-f and 2Bb, f). Most cells were still CK5 þ /CK18 þ but some cells showed reduced CK18 expression (Figure 1Ad-f) . Cell surface expression of a2b1 (Figure 1Bb ) and CD44 (Figure 1Bf ) was observed in most cells, although more prominent cell-cell border staining was noticed for both molecules. Most cells still showed nuclear staining of p63 (Figure 1Bj ).
By P4, NHP7 cells underwent only one extra PD and B9% of the cells incorporated BrdU ( Figure 1A) . One of the most prominent changes was the increased numbers of cells that had reduced or lost CK18 expression (Figure 1Ah ), leading to significantly reduced numbers of CK5 þ /CK18 þ cells ( Figure 1Ai ). The expression levels of a2b1 (Figure 1Bc ), CD44 ( Figure  1Bg ), and p63 ( Figure 1Ak ) were also significantly decreased in the majority of the cells. Some cells even completely lost the expression of these markers (e.g., Figure 1Bg , arrow). By P5, there was no further increase in PD and no cells incorporated BrdU ( Figure 1A ) upon a 4 h-pulse. All NHP7 cells at P5 had lost p63 expression ( Figure 1Bl ) and most (B95%) had lost a2b1 ( Figure  1Bd ) and CD44 (Figure 1Bh ) expression. Most cells also lost CK18 expression (e.g., Figure 1Aj -l) and the numbers of CK5 þ /CK18 þ cells decreased to B5%. To determine whether serially cultured NHP7 cells acquired any characteristics associated with differentiation, we stained cells of various passages for lumenal markers including CD57, PSA, AR, and PAP. We did not observe any positive cells for all four molecules (not shown). These observations together suggest that, as NHP7 cells gradually slow down in cell-cycle progression and approach their proliferative lifespan, they lose the expression of stem/progenitor cell markers without gaining differentiation markers. Similar results were also observed in serially passaged NHP6 cells (not shown).
Cell-autonomous upregulation of 15-LOX2 accompanies NHP cell senescence
The cell-cycle slowdown, loss of stem/progenitor properties, and prominent increases in cell sizes together suggest that the serially cultured NHP cells may be entering replicative senescence. We therefore examined this possibility, first, in NHP6 cells. NHP6 cells also showed an incremental decrease in their proliferative capacity as revealed by cumulative PDs and BrdU labeling (Figure 2A and C) . As NHP6 cells declined in proliferation, many of the cells at P5 displayed enlarged and flattened morphology, contained prominent intracellular vacuoles, and stained positive for SA-bgal (Figure 2A and C), a marker of senescence (Dimri et al., 1995) , suggesting that these cells were becoming senescent. By comparison, no NHP6 cells at pP4 were stained positive for SA-bgal (Figure 2A and C) . At P6 and P7, SA-bgal þ NHP6 cells increased to B50% and 90%, respectively (Figure 2A and C) . On these observations, we designated the NHP6 cells at P2-P4 as young, P5-P6 as presenescent, and P7-P8 as senescent ( Figure 2C ).
Previously, we observed that primary NHP cells that expressed 15-LOX2, a molecule with a limited tissue distribution (i.e., prostate, lung, hair root, and cornea) and most abundantly expressed in adult prostate (Brash et al., 1997; Kilty et al., 1999) , were generally big, flat, and cell-cycle arrested (Tang et al., 2002) , raising the possibility that the 15-LOX2 may be associated with the NHP cell senescence. To test this possibility, we carried out triple staining for 15-LOX2, SA-bgal, and BrdU. The results indeed revealed a significantly increased 15-LOX2 expression in NHP6 cells as a function of cellcycle arrest and replicative senescence (Figure 2A-C) . At P2, no NHP6 cells stained positive for 15-LOX2 (not shown). At P3, B30% NHP6 cells were positive for 15-LOX2 ( Figure 2A ) and most of the þ -NHP6 cells were BrdU-negative (Figure 2Cc ). In contrast, B35% of the P3 15-LOX2-negative NHP6 cells were BrdU-positive (Figure 2Cc ; Tang et al., 2002) . By P5, B70% NHP6 cells became þ and B30% of the cells were SA-bgal þ (Figure 2A and C). A 4-h BrdU pulse no longer labeled any proliferating cells ( Figure  2Cf ). By P7, nearly all NHP6 cells became strongly þ and B90% NHP6 cells stained positive for SAbgal þ (Figure 2A and C). There was a good correlation between SA-bgal staining and 15-LOX2 expression, that is, cells that were strongly þ were also strongly SA-bgal þ (Figure 2Ce , f and Ch, i). The increased 15-LOX2 expression in cultured NHP6 cells was verified by Western blotting (see Figure 4A) . Interestingly, at all passages analysed, the percentage of 15-LOX2 þ cells was higher than that of the SA-bgal þ cells ( Figure 2A ) Figure 3C ). Similar induction of 15-LOX2 was observed in NHP7 cells starting from P4 ( Figure 3E ). The percentages of SA-bgal þ cells at P4-P7 were 0, 4, 40, and 75%, respectively, again suggesting that 15-LOX2 induction precedes senescence. Similar induction of 15-LOX2 was also observed in NHP4 cells (not shown).
Since all NHP cells had been constantly cultured in serum/androgen-free and semidefined conditions, these observations suggest that (1) 15-LOX2 is induced in NHP cells in a cell-autonomous manner, (2) 15-LOX2 induction occurs as NHP cells undergo replicative senescence, and (3) 15-LOX2 accumulation precedes cell senescence.
The upregulated 15-LOX2 in NHP cells is enzymatically active
15-LOX2 preferentially metabolizes arachidonic acid (AA) to generate a fatty acid, 15(S)-HETE (Brash et al., 1997; Kilty et al., 1999) . To determine whether the upregulated 15-LOX2 in NHP cells is enzymatically active, we measured 15(S)-HETE levels in cultured NHP6 cells in the presence of AA. The results revealed increasing levels of 15(S)-HETE in NHP6 cells as a function of passage ( Table 1 ), suggesting that the induced 15-LOX2 was enzymatically active. The P6 NHP6 cells produced >10 times more of 15(S)-HETE than the P3 NHP6 cells (Table 1) . Surprisingly, when the measurement was done in the absence of AA, little 15(S)-HETE was detected in the P6 NHP6 cells To determine whether 15-LOX2 induction resulted from transcriptional activation, we first measured the 15-LOX2 promoter activity in NHP6 cells transfected with the p15LOX2 (À726/ þ 80)-luc reporter construct (Tang et al., 2004) . As shown in Figure 4B , increasing 15-LOX2 promoter activity was observed in NHP6 cells with increasing passages. To confirm the promoter assays, we carried out semi-quantitative RT-PCR analysis. As shown in Figure 4C , 15-LOX2 mRNA levels increased as cells underwent senescence. RT-PCR using primers A and B, which detects 15-LOX2 and all its splice variants (Table 1S ; Figure 1S ; Tang et al., 2002) , revealed that the total 15-LOX2 mRNA levels increased B2-fold from P3 to P4 and then further increased (by B5-fold) by P5-P6 ( Figure 4C,  top) .
Previously, using long-distance RT-PCR, we identified three major 15-LOX2 splice variants named 15-LOX2sv-a, 15-OX2sv-b, and 15-LOX2sv-c ( Figure 1S ; Tang et al., 2002) . During the present work, we identified two novel less abundant isoforms, which we named as (Figure 4C and D; Figure 1S ). 15-LOX2sv-d is identical to 15-LOX2, except that a 45-bp facultative intron in exon 9 (nt1302-nt1346) is spliced out. 15-LOX2sv-e is identical to 15-LOX2sv-c, except for the exon 9 being spliced out. To distinguish 15-LOX2 (i.e., full-length or FL) from its splicing isoforms, we carried out differential RT-PCR using several isoform-specific primers (Figure 4C-E; Table 1S ; Figure 1S ). The results demonstrated that 15-LOX2 and its splice variants (in particular, 15-LOX2sv-b) all increased, to different levels, in their mRNA levels during NHP cell senescence ( Figure 4C-E) . Interestingly, the upregulated mRNAs of 15-LOX2 and some of its variants slightly decreased in late-passage NHP6 cells ( Figure 4C-E) .
The RT-PCR results suggest that as NHP cells underwent senescence, the mRNA levels of both 15- Table S1 ). The relative mRNA levels of 15-LOX2 or its variants over the corresponding GAPDH (G) mRNAs were determined by densitometric scanning. (f) 15-LOX2 splice variants were upregulated during NHP cell senescence. In all, 60 mg of NHP6 cell lysate was used in Western blotting using the newly generated peptide antibodies against individual 15-LOX2 isoforms Figure 4A ). However, for unknown reasons, this antibody did not recognize the 15-LOX2 splice variants well on Western blotting ( Figure 4A ), as previously observed (Tang et al., 2002; Bhatia et al., 2003) . To circumvent this problem, we made isoform-specific peptide polyclonal antibodies. Using these antibodies, we examined the protein levels of three major 15-LOX2 splice variants in passaged NHP6 cells. As shown in Figure 4F , 15-LOX2sv-a increased at P5, reached the peak level at P6, and then slightly decreased at P7-P8. By contrast, 15-LOX2sv-b continued to increase as a function of cell passage ( Figure 4F ). 15-LOX2sv-c showed similar changes as 15-LOX2sv-b although its expression levels were lower than those of 15-LOX2sv-b ( Figure 4F ). (Tang et al., 2002) . These observations suggest that 15-LOX2 expression is inversely correlated with cell immortality. Next, we followed PC3 cells that had been stably transfected with 15-LOX2 or 15-LOX2sv-b (Bhatia et al., 2003) for multiple passages. These cells were derived from clonal cultures and enough cells generally became available for analysis only at P4-P5. To our surprise, these cells also showed passage-related phenotypic changes resembling replicative senescence in NHP cells. For instance, most of the early-passage (i.e., P3-P4) cells were generally small, actively proliferating, and SA-bgal-negative (not shown). By P6, 10-15% of the stably transfected cells became big and flat, some of which were also SA-bgal þ (Figure 5a and b) and most of which were BrdU À (not shown). With increasing passage, the percentage of big/flat cells also increased in both 15-LOX2-and 15-LOX2sv-b-expressing PC3 cells (Figure 5a and b) .
Enforced expression of 15-LOX2 or 15-LOX2sv-b in young NHP7 cells by retroviral infection also induces cellcycle arrest and a senescence-like phenotype Next, we carried out gain-of-function experiments in young NHP cells by taking advantage of the fact that NHP7 cells at P2 and P3 do not express 15-LOX2 and B14% of the cells start expressing 15-LOX2 at P4 ( Figure 3E ). Using two pBabe15LOX2-EGFP and two pBabe15LOX2sv-b-EGFP vectors and the pBabe-EGFP as control, we infected P2 NHP7 cells cultured at clonal density (i.e., 1000 cells/T25 slide flask). Triplicate slide flasks were terminated 1 week after infection and analysed for 15-LOX2 expression, BrdU incorporation, SA-bgal positivity, and morphological changes. As shown in Table 2 and Figure 6a , 82-96% of the P2 NHP7 cells were infected with the GFP-tagged retroviral vectors and the majority of the infected GFP (Table 2) , perhaps because the retroviral LTR promoter was silenced. Interestingly, a very small percentage of (1-3%; Table 2 ) GFP À cells were 15-LOX2 þ , possibly due to the inactivation of the pCMV promoter in these cells. (Figure 6d ). Infection with GFP-encoding retroviral vector also slightly increased the percentage of big and flat cells although the differences were not statistically significant ( Figure 6d ). As observed in stably transfected PC3 cells (Figure 6 ), only some of these big and flat cells stained strongly for SA-bgal (not shown). When GFP þ and GFP À NHP7 cells at P2 were compared, at 7 days post infection, for BrdU incorporation, significantly more GFP À cells were found to be BrdU þ (Figure 6b and c). Since the majority of GFP þ cells were 15-LOX2 þ (Table 2) , these results suggest that enforced 15-LOX2 expression in young NHP7 cells inhibits cell proliferation. Enforced expression of 15-LOX2sv-b similarly decreased BrdU þ cells (Figure 6c ) and increased the percentage of big and flat cells (Figure 6a and d) .
Next, we asked how enforced 15-LOX2 expression might affect the long-term proliferation of young NHP7 cells. We similarly infected the clonally cultured P2 NHP7 cells with various retroviral vectors and followed these cells for 5 weeks. As shown in Figure 7 , by 5 weeks, the initially plated 1000 cells either uninfected (ae) or infected with pBabe-EGFP (f-j) proliferated extensively resulting in nearly confluent cultures. Little or only faint 15-LOX2 expression was detected in these cells (Figure 7c and h) . By contrast, NHP7 cells infected with pBabe15-LOX2 only marginally increased in cell number and most of the infected cells were 15-LOX2 þ with enlarged and flattened morphology (Figure 7k-o) . Surprisingly, NHP7 cells infected with pBabe15-LOX2sv-b, which initially behaved like the cells infected with the pBabe15LOX2-EGFP, gradually picked up proliferation and eventually resulted in confluent cultures (Figure 7p-t) . Most of these cells were GFP 
15-LOX2 expression in human prostate appears to correlate with age
To determine whether 15-LOX2 expression in vivo might be associated with age, we carried out a pilot immunohistochemical survey of 15-LOX2 staining in human prostate tissues of various ages. As a control, these samples were also stained for PSA, an androgenregulated gene. Both 15-LOX2 and PSA were negative in infant prostate tissues (not shown; n ¼ 2). In three samples of 15-year-old prostate, 15-LOX2 staining ( Figure S2A ) was negative although PSA staining was clearly positive ( Figure S2B ). 15-LOX2 staining became focally positive at age 18 ( Figure S2C ) and then significantly increased in adult prostates ( Figure S2E ; n ¼ 3). In the prostates of X50 years (n ¼ 2), 15-LOX2 staining became homogeneously strong ( Figure S2G ). In the lumens of adult prostatic glands, 15-LOX2-positive secretions were easily observed (Figure S2E and G, arrows) . In contrast, the PSA showed overall similar staining patterns and intensities in the X18-year-old prostates ( Figure S2D, F and H) .
Discussion
The main goal of the present study was to study molecular mechanisms associated with the senescence of NHP cells. Our immunophenotyping experiments reveal that all young primary NHP cells are CK5 þ /CK18 þ intermediate basal cells that also express p63, hTERT, CD44, and a2b1, molecules proposed to mark prostate stem/progenitor cells (Liu et al., 1997; Signoretti et al., 2000; Collins et al., 2001) . When serially cultured in the semidefined medium containing EGF and insulin, NHP cells gradually lose their proliferative potential and progenitor markers, suggesting that the simple culture conditions used here are insufficient to maintain the progenitor cell properties of the NHP cells. Interestingly, in a similar chemically defined medium containing PDGF and insulin, most perinatal rat oligodendrocyte precursor cells seem to be able to proliferate for years without losing progenitor markers (Tang et al., 2000, . It is unclear at the moment whether the different behaviors of these two cell types are caused by differences in cell lineages, initiating cell ages, or species. Cultured NHP cells generally undergo a total of 23-30 PDs and their proliferative lifespan does not seem to be correlated with donor ages. For example, NHP7 cells derived from a 14-year-old donor undergo B23 PDs, whereas NHP2 cells derived from a 59-year-old donor undergo B30 PDs. This lack of correlation between donor age and cumulative PDs of NHP cells resembles that in human fibroblasts (Cristofalo et al., 1998) . NHP cells undergo replicative senescence evidenced by cessation of proliferation, loss of progenitor properties, enlarged and flattened morphology, and expression of SA-bgal. Both presenescent and fully senescent NHP cells in culture do not acquire any differentiation markers such as AR, PSA, and PAP, molecules expressed mainly in the lumenal cells. Strikingly, 15-LOX2, another lumenal cell-specific molecule, is induced accompanying cell senescence under the nondifferentiating culture conditions. Both 15-LOX2 and its splice variants are induced and the induction takes place in a cell-autonomous manner at the transcription level. How 15-LOX2 gene transcription is activated remains to be investigated although it does not seem to involve androgen/AR pathway as there is no androgen in the medium and NHP cells have always been AR-negative at the protein level. Moreover, androgen/AR pathway does not directly regulate the 15-LOX2 gene expression in NHP cells (Tang et al., 2004) . One possibility is Figure 6 Enforced expression of 15-LOX2 or 15-LOX2sv-b in early-passage NHP7 cells induces cell-cycle arrest and a senescence-like phenotype. NHP7 cells at P2 were plated at clonal density were either untransduced or infected with pBabe-EGFP, pBabe15LOX2-EGFP (two clones used, that is, FL-3 and FL-4; see Table 2 ), or pBabe15LOXsv-b-EGFP (two clones used, that is, SVb-1 and SVb-2; see Table 2 15-LOX2 and normal human prostate epithelial cell senescence B Bhatia et al through increased Sp1 transcriptional activity (Tang et al., 2004) . In support, 15-LOX2 promoter constructs with the Sp1 sites mutated, when transfected into latepassage NHP6 cells, possess much lower promoter activities compared to the constructs with the intact Sp1 sites (Tang et al., 2004) .
Several pieces of evidence suggest that induction and accumulation of 15-LOX2 and its splice variants may contribute to NHP cell-cycle arrest and senescence. First, 15-LOX2 expression is inversely correlated with NHP cell proliferation. Second, 15-LOX2 expression is inversely correlated with cell immortality. Third, 15-LOX2 behaves as a functional prostate tumor suppressor in that the 15-LOX2 mRNA, protein, and enzymatic activity are decreased or lost in PCa (Shappell et al., 1999) and re-expression of 15-LOX2 inhibits PCa cell proliferation in vitro and tumor development in vivo (Tang et al., 2002) . Fourth, 15-LOX2 induction precedes the cell-cycle arrest and onset of NHP cell senescence. Fifth, remarkably, stable re-expression of 15-LOX2 in PCa cells, which apparently have bypassed the senescence checkpoint, also leads to a senescence-like phenotype. Finally, enforced expression of 15-LOX2 in young NHP cells results in a senescence-like phenotype.
It is worth pointing out that enforced expression of 15-LOX2 in either young NHP or PCa cells does not seem to lead to a full manifestation of senescence as only a fraction of the cells is arrested in cell cycle and becomes big and flat and most of these big and flat, presumably senescent cells only stain weakly for SA-bgal. These results, which are not surprising, suggest that 15-LOX2 may represent only one of the multiple factors required to cause permanent cell-cycle exit and full senescence in NHP cells.
How does 15-LOX2 upregulation contribute to NHP cell senescence? As NHP cells undergo senescence, they upregulate cyclin-dependent kinase inhibitors (CKIs) p16 and p21. The downstream target of p16, pRb, as well as the upstream activator of p21, p53, are also upregulated (Bhatia et al., unpublished observations) . Together, their concerted action may arrest NHP cells in the G1 phase of the cell cycle. How may 15-LOX2 expression contribute to CKI upregulation and cell cycle arrest? One possibility may be via its product, 15(S)-HETE, which has been proposed as a ligand PPAR-g (Huang et al., 1999) , the latter of which in turn may inhibit cell-cycle progression by inhibiting cyclin D1 (Wang et al., 2001) . Although the 15-LOX2/15(S)- Figure 7 Enforced expression of 15-LOX2 inhibits long-term proliferation of NHP7 cells. NHP7 cells at P2 were infected as detailed in Figure 6 legend. Cells were processed for 15-LOX2 staining 5 weeks after infection. Representative images from one clone each of Kilty et al., 1999) or completely lack (e.g., 15-LOX2sv-b and 15-LOX2sv-c; Bhatia et al., 2003) , the AA-metabolizing activity and do not produce appreciable amounts of 15(S)-HETE. Fourth, just as 15-LOX2sv-b possesses tumor-inhibitory effects (Bhatia et al., 2003) , enforced expression of 15-LOX2sv-b in young NHP or PCa cells also induces cell-cycle arrest and a senescence-like phenotype. Interestingly, most NHP cells infected with 15-LOX2sv-b retroviral vectors lose the transgene expression by 5 weeks, proliferate fast, and populate the culture dishes. The underlying mechanisms remain to be determined. These discussions support a dual-action model in which 15-LOX2 and its splice variants possess both AAdependent and AA metabolism-independent biological activities (Bhatia et al., 2003) . Another mammalian LOX, 15-LOX1, is well known to bind biological membranes and catalyse their degradation independently of fatty acid metabolism (Kuhn and Borngraber, 1999) . 15-LOX2 also shows significant membranebinding capacities (Bhatia et al., 2003) . Our preliminary data suggest that 15-LOX2 accumulation results in alterations in organelle membranes and increased oxidative stress, consistent with the prominent cytoplasmic vacuoles in senescent NHP cells. Oxidative stress in NHP cells may theoretically trigger telomere attrition and deprotection leading to cell-cycle checkpoint responses and subsequent senescence.
In summary, we have presented evidence that 15-LOX2 is involved in NHP cell senescence in culture. Although the in vivo biological relevance of this finding with regard to prostate aging remains to be determined, it is of interest that 15-LOX2 expression appears to increase with age, suggesting that 15-LOX2 might represent an endogenous prostate senescence gene. This possibility is consistent with 15-LOX2 being expressed only in a limited number of human tissues (i.e., prostate, lung, hair root, and cornea) and expressed most abundantly in prostate. Studies in multiple NHP cells suggest a direct correlation between the 15-LOX2 expression levels and the senescence phenotype, that is, cells that are strongly 15-LOX2-positive also show a fully senescent phenotype: big/flat morphology, lack of progenitor markers, and SA-bgal-positive. These observations in NHP cells, together with the 15-LOX2-induced senescence phenotype in PCa cells, suggests that 15-LOX2 expression, or the chronic damage induced by 15-LOX2, may have to accumulate to a certain threshold to help trigger cell senescence and that in vivo the relative low levels of 15-LOX2 in young prostate may play a differentiation-related function, whereas accumulated 15-LOX2 or 15-LOX2-induced cellular damages in older prostate may contribute to the senescence and aging phenotype. As the biological essence of replicative senescence is cell-cycle arrest and senescence has been considered a critical barrier to acquisition of immortality and tumorigenic transformation, the results presented herein provide novel mechanistic insight on (1) the normal developmental history of prostate stem/ progenitor cells, (2) molecular mechanisms underlying NHP cell senescence, and (3) how 15-LOX2 may suppress tumor development and why its expression is shut down in PCa cells.
Materials and methods
Cells and reagents
NHP2, NHP4, and NHP6 cells (Tang et al., 2002 (Tang et al., , 2004 ) and NHP7 cells (Clonetics) were cultured on collagen-coated dishes in serum-and androgen-free, PrEBM medium supplemented with insulin, EGF, hydrocortisone, bovine pituitary extract, and cholera toxin, and used at passage 2-8. Luciferase reporter plasmids and anti-15-LOX2 antibody were previously described (Bhatia et al., 2003; Tang et al., 2004) . Other antibodies used in this study include: polyclonal anti-CK5 (BabCO), monoclonal anti-CK18 (clone RGE53; BD PharMingen), monoclonal anti-p63 (clone 4A4), PSA and AR (Santa Cruz), 2 monoclonal anti-CD44 (clone G44-26 from BD PharMingen and DF1485 from Santa Cruz), polyclonal anti-hTERT (AbCAM), monoclonal anti-CD57 (clone NK-1) and a2b1 (PharMingen), and monoclonal anti-PAP (clone PASE/4LJ; Dako). Secondary antibodies were acquired from Amersham. were from Cayman. AA and butylated hydroxytulene (BHT) were obtained from Sigma.
Immunofluorescence
Basic procedures were described (Tang et al., 2002; Bhatia et al., 2003) . For cytoskeletal proteins (i.e., CK5 and CK18), cells were fixed and permeabilized in methanol/acetone (1 : 1; À201C) for 10 min and then used in immunostaining. Cells were both analysed for fluorescence intensity and quantified for % positive cells. For the latter, 600-1200 cells were counted for each condition. Statistical analyses were performed using Student's t-test.
Semi-quantitative RT-PCR
Total RNA was isolated from NHP cells and used in RT-PCR as detailed in Table 1S .
Cumulative BrdU labeling and determination of PDs
Cumulative PDs were determined using a modified 3T3 protocol. For cumulative BrdU labeling (Tang et al., 2000 (Tang et al., , 2001 , NHP cells were pulsed with 10 mM BrdU for 2-120 h, fixed in 4% paraformaldehyde, permeabilized in 70% ethanol (in PBS, À201C) for 10 min, and then incubated with monoclonal anti-BrdU antibody followed by goat anti-mouse IgG-Rhodamine. Finally, cells were nuclear counterstained 15-LOX2 and normal human prostate epithelial cell senescence B Bhatia et al with DAPI. A total of 1000-1200 cells were counted per coverslip to determine the proportion of BrdU þ cells. The labeling index was plotted against the BrdU pulse time to obtain a cumulative labeling curve. PD was determined using the formula 2 x ¼ N f /N i , where x is the PD, N f is the final cell number and N i is the number of cell initially plated. The approximate PD time was determined using the formula d ¼ t/ log 2 N, where d is the PD time, t is the time of cells in culture, and N is the total number of cells.
Western blotting
Whole cell lysates were used in Western blotting using ECL (Tang et al., 2002; Bhatia et al., 2003) .
Senescence-associated b-galactosidase (SA-bgal) staining NHP cells of different passages were stained for SA-bgal (Dimri et al., 1995; Tang et al., 2001) . In some experiments, triple staining of 15-LOX2, BrdU, and SA-bgal was carried out.
15-HETE measurement in NHP cells or culture medium by liquid chromatography and tandem mass spectrometry (LC/MS/ MS) 15(S)-HETE levels in NHP cells were measured as previously detailed (Tang et al., 2002) . Eicosanoids in culture medium were measured using a solid-phase method and the detailed protocol is available upon request.
Preparation of 15-LOX2 isoform-specific peptide antibodies
Peptide sequences at the splicing junctures (Tang et al., 2002) were utilized as immunogens to produce isoform-specific antibodies. Specifically, peptides YRDDGMQIWGIPSSLE (for 15-LOX2sv-b), HHPPPKAWQHARAS (for 15-LOX2sv-c), and HPLFKSTGIGIEGF (for 15-LOX2sv-a) were chemically synthesized by coupling to an N-terminal cysteine, HPLC purified, and then utilized to immunize the New Zealand White rabbit by intradermal injection. The antibodies produced were affinity-purified using the commercial Kit (Pierce, Rockford, IL, USA). The purified antibodies, together with the preimmune sera were characterized using PCa cells transfected with the individual cDNAs (Bhatia et al., 2003) .
Retroviral experiments
We made several bi-cistronic pBabe-EGFP retroviral vectors in which 15-LOX2 or 15-LOX2sv-b is driven by the viral LTR, whereas GFP is expressed from the CMV promoter. 15-LOX2 or 15-LOX2sv-b cDNA was released from pCMS-EGFP-15LOX2 or pCMS-EGFP-15LOX2sv-b vectors (Bhatia et al., 2003) and the cDNAs were ligated into pBabe-EGFP (Tang et al., 2001 ) retroviral vector. Two 15-LOX2 and two 15-LOX2sv-b retroviral vectors were transfected into the AmphoPhoenix packaging cells using FuGENE 6. At 48 h post transfection, viral particles were collected from the culture medium by ultracentrifugation and used to infect NHP cells (Tang et al., 2001) .
Immunohistochemical staining of 15-LOX2 and PSA
Paraffin-embedded sections of archival prostate tissues of different ages, including infant (one 2-month-old, one 1-yearold), adolescent (three 15-year-old and one 18-year-old), adult (one case each of 36-, 38-, and 43-year-old), and senior (three 50-year-old and two 62-year-old), were used in staining for 15-LOX2 and PSA. Tissue sections were incubated with 3% H 2 O 2 to block endogenous peroxidase activity and in 10 mM citrate buffer (pH 6.0) for 10 min in a microwave oven for antigen retrieval. Slides were then incubated in 10% goat whole serum in PBS for 30 min to block nonspecific binding and then in anti-15-LOX2 antibody. Finally, slides were incubated with anti-rabbit HRP (30 min at room temperature) and then with the substrate DAB.
